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Electrical control of spin transport is promising for achieving new device functionalities. Here we
calculate the propagation of spin currents in a graphene-based spin current demultiplexer under the
effect of drift currents. We show that, using spin and charge transport parameters already achieved
in experiments, the spin currents can be guided in a controlled way. In particular, spin current
selectivities up to 102 can be achieved when measuring over a 10 µm distance under a moderate
drift current density of 20 µA/µm, meaning that the spin current in the arm which is ‘off’ is only
1% of the current in the ‘on’ arm. To illustrate the versatility of this approach, we show similar
efficiencies in a device with 4 outputs and the possibility of multiplexer operation using spin drift.
Finally, we explain how the effect can be optimised in graphene and 2D semiconductors.
Keywords: Graphene, spin transport, spin drift
INTRODUCTION
The ability to manipulate spin currents by electrical
means is a major requirement to achieve functional spin-
tronic devices [1]. For this purpose, graphene is an ideal
candidate as a transport media thanks to its superior
spin and charge transport properties[2–6]. These prop-
erties have allowed for room temperature spin relaxation
lengths up to 30 µm in an experiment where spin trans-
port is diffusive [6] and up to 90 µm when carrier drift
was additionally induced in the channel [7]. Moreover,
enhancements in the spin injection and detection efficien-
cies [8–10] show the possibility to create unprecedentedly
large spin accumulations in graphene, resulting in larger
signals useful for future spintronic operations.
It has been shown that one can perform logic operations
using spins in graphene in the diffusive regime. In partic-
ular, the interplay between the spin injection efficiencies
of different contacts can be used to perform logic XOR
operations [11]. The introduction of transition metal
dichalcogenides (TMDs) also allows for control of the
spin signals in graphene-based spintronic devices. The
tunability of the TMD resistance allows for efficient con-
trol of the spin absorption in such structures resulting
in ‘on/off’ ratios up to 60 [12, 13]. Another means of
controlling spin currents was demonstrated in Y-shaped
graphene devices via the manipulation of carrier densi-
ties in the different arms individually [14]. This approach
leads to spin guiding thanks to the change in spin lifetime
and resistivity of graphene with the carrier density. On-
off ratios for spin currents up to 7 were obtained when
assuming that the spin relaxation time in the channel de-
creases when increasing the resistivity, a condition only
achieved experimentally for bilayer graphene on SiO2 at
temperatures equal or lower than 50 K [15–17].
The spin signals achieved using diffusive transport are
limited by the long diffusion times, that increase with the
square of the distance [1]. However, a charge current can
significantly influence the spin propagation. The average
velocity of spin carriers becomes much larger (smaller)
when transport occurs in the direction of (against) the
drift velocity (vd). This allows for efficient control of the
spin relaxation length using charge currents [7, 18] with-
out affecting the spin lifetime in the system. In addition,
vd is inversely proportional to the carrier density. This
brings a new mechanism to control the magnitude and
sign of vd. The tunability of spin transport with drift
enables for new device functionalities, such as demulti-
plexers, that are devices that route the input signal to an
output that is controlled by the select line [19]. Demulti-
plexers have applications ranging from analog switches in
high frequency transmission lines to decoders in digital
electronics [20, 21] and combination of spin currents with
multiplexer operations could allow for ‘in situ’ memory
capabilities enabling for new functionalities [22, 23].
Here we show that, by applying drift currents in a Y-
shaped geometry, the spin currents can be controlled in
an extremely efficient way, realizing the demultiplexer
functionality. Our calculations using the drift-diffusion
equations show that one can achieve spin current selec-
tivities Itop/Ibot (where Itop(bot) is the spin current in the
top (bottom) arm in Fig. 1) as high as 103 for drift cur-
rent densities of 100 µA/µm when measuring close to the
bifurcation. At a distance L = 10 µm from the bifurca-
tion, the selectivities increase up to 106, a value that stays
as high as 102 for drift current densities of 20 µA/µm.
Moreover, we use the same model for a geometry con-
stituting of 2 Y-shaped graphene channels connected to
the output of another Y-shaped graphene channel, and
obtain similar performances of 102 for drift currents of
25 µA/µm. We also explain how the effect of drift can
be used to achieve multiplexer operation. From these
considerations we conclude that the introduction of drift
leads to several advantages when compared with the dif-
fusive case. These advantages include a significant en-
hancement in the speed of operations, a significant im-
provement of the ‘on/off’ ratio, and higher spin currents
due to the increase of the spin relaxation lengths induced
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2by the drift. On the other hand, the introduction of drift
to spin logic also causes extra power consumption in-
duced by the drift currents. We argue that this can be
greatly reduced by replacing graphene with a semicon-
ducting 2D material.
Moreover, the technique described here can also be
used in combination with other implementations, such as
the XOR operation described in [11], that can be added
to our geometry to combine multiplexer with logic oper-
ations.
THE MODEL
To determine the spin currents and spin accumulations
in the different geometries studied here under the effect
of drift, we use the drift-diffusion equations [24].
Since in most graphene-based spin valve devices the con-
tacts inject spins homogenously over the channel width,
we reduce the spin propagation to a one-dimensional
problem. Also, we assume that the channel width (Ws)
is much longer than the mean free path. This condition
is commonly achieved for all graphene spintronic devices
studied at room temperature for Ws = 1 µm (the mean
free path is 0.16 µm in our case). This condition makes
our results independent of the exact geometry of the bi-
furcation. We also assume that the contacts are not in-
vasive, this condition is achieved when the contact resis-
tances are much higher than the channel resistance [25].
When a charge current Id is applied to a non-magnetic
channel to induce drift, the spin current, which is defined
as Is = I↑ − I↓, where I↑(↓) is the current of up (down)
spins, propagating in the channel is [26]:
Is =
Ws
eRsq
(
−dµs
dx
+
vd
Ds
µs
)
(1)
Here Ds is the spin diffusion coefficient, Rsq is the
square resistance, µs is the spin accumulation, and e
is the electron charge. The drift velocity is defined
as vd = µIdRsq/Ws = Id/(enWs), where n is the carrier
density and µ is the electron mobility. The first term
in Eq. 1 describes the spin diffusion and the second one
describes the spin current induced by the pulling of the
spin accumulation induced by the drift.
µs in the channel follows the drift-diffusion equations
[24]:
Ds
d2µs
dx2
+ vd
dµs
dx
− µs
τs
= 0 (2)
Here τs is the spin lifetime. This equation has solutions
of the form µs = A exp(x/λ+) + B exp(−x/λ−) where the
coefficients A and B are determined by both the device
geometry and the spin relaxation lengths, which are:
λ−1± = ±
vd
2Ds
+
√(
vd
2Ds
)2
+
1
λ2
(3)
Here λ =
√
Dsτs is the spin diffusion length in the chan-
nel. λ+ and λ− are the so called upstream and down-
stream spin relaxation lengths. They describe spin trans-
port opposed to and along with the drift velocity respec-
tively. Their difference provides an asymmetry in the
spin propagation, which is the source of spin current se-
lectivity in our calculations.
We use the solutions of Eq. 2 to describe the spin accu-
mulation in the different parts of the sample. Because the
drift currents and/or carrier densities are different in the
different parts of the sample, the unknown coefficients are
obtained using the following boundary conditions taking
into account the device geometry: µs is zero infinitely far
away from the injector and it is continuous in the entire
device, including the boundaries between the different re-
gions. The spin current Is is conserved at the different
junctions apart from the injection point. The spin injec-
tor is a ferromagnetic electrode placed at the bifurcation
point and it induces a discontinuity in the spin current
of PiIinj/e. Pi is the spin polarization of the injector
and Iinj is the charge current applied to the injector elec-
trode. For simplicity, the additional electrodes that are
used to induce drift are placed further away from the bi-
furcation points than the relevant spin relaxation length
and, therefore, are not considered to be spin injectors
irrespective of the constituting materials. Under these
conditions, we are able to obtain the spin currents and
nonlocal resistances Rs = Vs/Iinj = µsPd/(eIinj) (where
Vs = µsPd/e is the voltage drop caused by the spin ac-
cumulation at the detecting ferromagnetic electrode that
has a spin polarization Pd) in the reported device geome-
tries [25, 27].
Because of the inverse dependence between vd and
n, vd theoretically diverges at the neutrality point.
However, thermal broadening [28, 29] limits the min-
imal electron and hole densities down to a value of
neth = n
h
th = pi/12(kBT/(~vf))2 = 4× 1014 m−2 at room
temperature. In a system with equal amount of elec-
trons and holes no drift is present since the drift veloci-
ties for electrons and holes are opposite. Thus, an imbal-
ance between the electron and hole densities is required
to achieve a non-zero average drift velocity. This condi-
tion increases the minimal carrier density that is optimal
for spin drift and, therefore, limits the vd that can be
reached experimentally. For all the calculations reported
here, we have used transport parameters which have been
achieved experimentally in monolayer graphene [6] near
the charge neutrality point. They can be found in table I.
In our case, the optimal carrier density is of 8×1015 m−2
and, for a drift current density of 100 µA/µm, gives a
drift velocity vd = 8× 104 m/s. This value is still 1 or-
der of magnitude smaller than the maximum drift ve-
locity achieved for boron nitride encapsulated graphene,
which is around 0.55× 106 m/s at room temperature for
a carrier density of about 9×1015 m−2[30] [31].
3TABLE I. Spin, charge transport parameters, contact spin
polarizations estimated from [6] and channel width. For sim-
plicity we assume that the system is electron-hole symmetric
and the sign of the drift velocity changes for hole transport.
µ(m2/Vs) Rsq(Ω) n(m
−2) τs(ns) Ds(m2/s) Pi = Pd Ws(µm)
1 800 8×1015 4 0.08 0.1 1
RESULTS
Geometry I
We start the discussion of our results obtained for
the Y-shaped device geometry, where the spin injector
is placed at the bifurcation point. For geometry I, the
3 arms have the same transport parameters. The spins
are guided by applying opposite drift currents in the top
and bottom arms, as shown in Fig. 1, and generate a
spin signal R
top(bot)
s at the top (bottom) arm. In the left
arm there is no net charge current and the propagation of
spins is determined by diffusion. As we can see in Fig 1b,
when a drift current is applied, Rs close to the bifurca-
tion point decreases. This is because the spins are pulled
away from the injector towards the top or bottom arm,
reducing the spin accumulation. For the ratio Itop/Ibot
at L = 0 we observe that, when the applied drift current
is of 100 µA, Itop/Ibot is as high as 103. This implies
that 99.9% of the spins are propagating along with the
drift velocity and only 0.1% of them propagate to the
opposite arm. Looking at the spin signal 10 µm away
from the bifurcation we see that the nonlocal resistance
in the top arm differs from that in the bottom arm. This
difference develops very rapidly with the applied drift
due to both the exponential decay of the spin current
with the distance and the difference between upstream
and downstream spin relaxation lengths. For example,
for Id = 100 µA, the spin current selectivities become as
high as 106, with λ− = 340 µm and λ+ = 0.97 µm. We
also note that both Rtops and R
bot
s at L=10 µm decrease
for drift currents higher than ±6 µA. This is because,
for infinitely long arms, the drift spreads the spins over
a large distance λ−. Since the injected spin current is
constant, this results in reduction of the spin accumula-
tion close to the injector. This effect can be reduced by
applying the drift over a finite length of the channel [26].
In real device applications, the power consumption has
to be kept minimal and, to achieve this, we determine
the device performance for lower drift currents. At
Id = 20 µA a current selectivity of 102 is achieved. We
consider this value to be enough for basic operations. It
is also worth noting that, when applying a drift current
of 100 µA, 4.8% of the spin current is still propagat-
ing to the left arm, a value that goes up to 20% when
Id = 20 µA.
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FIG. 1. (a) Sketch of device geometry I. The red arrows repre-
sent the charge current direction for positive Id. The carriers
are electrons in all 3 arms, that are assumed to be infinitely
long. (b) Rs vs Id in the top and bottom arms and close to
the bifurcation and at a 10 µm distance. (c) Spin current se-
lectivity calculated both close to the bifurcation (L = 0) and
at L = 10 µm.
Geometry II
As mentioned in the previous section, Ileft/Iright, which
is defined as the spin current propagating to the left arm
Ileft normalized by Iright = Itop + Ibot, is determined by
diffusion in Geometry I and it can be reduced by apply-
ing a net drift current in the left arm. This is achieved
by changing the carrier type of either the top or the bot-
tom arm depending on the selected output. When one
changes the carriers from electrons to holes, the drift ve-
locity reverses. This allows us to apply the drift cur-
rent in both top and bottom arms in the same direction
(Itopd = I
bot
d = Id) while the drift velocities are opposite
4Itopd
 Ibotd
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FIG. 2. (a) Sketch of device geometry II, the red arrows rep-
resent the charge current direction for positive Id. Note that
the drift velocity for electrons oposes the charge current direc-
tion. The carriers are holes in the bottom arm and electrons
in the others. All the arms are assumed to be infinitely long.
(b) Rs vs Id in the top and bottom arms and at the bifur-
cation and at a 10 µm distance. (c) Spin current selectivity
calculated both at the bifurcation and at a 10 µm distance.
(vtopd = −vbotd ). In this case, the drift current in the left
arm is non zero and equal to 2 × Id. As shown in Fig.
2b, Rs at L=0 is no longer symmetric with respect to
Id. This is caused by the spin drift in the left arm, that
blocks spin propagation to the left at positive drift cur-
rents but promotes spin propagation in this arm when Id
is negative.
As a consequence, we observe that the most effi-
cient operation of this device (maximum Itop/Ibot and
minimum Ileft/Iright) occurs when the drift current is
positive (drift currents in the direction of the red arrows
in Fig. 2a). The output terminal, where the current
is directed, can be controlled by changing the carrier
densities in the top and bottom arms while keeping
the left arm at the same density and applying positive
drift currents (in the direction of the red arrows, Fig. 2
a). The spin current selectivities comparing top and
bottom arms are the same as for geometry I due to
electron-hole symmetry. The difference is that the spin
current propagating to the left arm is kept minimal. In
particular, when Id = 100 µA, only 0.14% of the injected
spin currents propagate into this arm, a value that stays
as low as 3% for Id = 20 µA, confirming the feasibility
of device operation with moderate drift currents.
Demultiplexing operation
As shown above, the most efficient way of controling
the spin demultiplexing operation is via the carrier type
(density). To describe the practical operation of device
geometry II, we write a truth table (table II) by defining
the inputs as the gate voltages that have to be applied to
each separate arm to control the densities. We call VgL,
VgT, VgB the left, top, and bottom arm gates respectively
and define them as ‘0’ when the carriers in the channel
are holes and ‘1’ when they are electrons.
Geometry III
Having understood the effect of drift in single Y-shaped
graphene devices, we are interested in the operation of
graphene channels with several Y-shaped devices con-
nected in series for more complex device functionality.
For this purpose, we design a device geometry which
is made out of two Y-shaped graphene channels that are
connected to the outputs of the first Y-shaped graphene
channel. The distance between the bifurcation point
where the spin injector is placed and the bifurcation point
of the other two is 5 µm (Fig. 3a). Using the model de-
scribed above, we calculate the spin accumulations and
spin currents required to understand the performance of
these devices. The results are shown in Fig. 3 for a ho-
mogeneous device with the parameters shown in table
I. In this case, the nonlocal resistance also decreases for
high drift currents. The spin current selectivity between
arms 1 and 2 (I1/I2) is lower than between arms 1 and 3
(I1/I3). This can be explained taking into account that
arms 1 and 2 share a 5 µm long channel where there is
TABLE II. Truth table for the 2 leg demultiplexer operation
of geometry II for positive Id (Fig. 2)
VgL VgT VgB Itop Ibot
1 1 0 1 0
1 0 1 0 1
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FIG. 3. (a) Sketch of device geometry III with the spin cur-
rents propagating to output 1 for positive Id in the direction of
the red arrows. Note that the drift velocity for holes is in the
same direction as the drift current. The carriers are electrons
in all the arms, the the top and bottom bifurcations are at a
distance of x1 = 5 µm from the spin injector, the detectors at
L = 10 µm, and the arms are assumed to be infinitely long.
(b) Rs vs Id in arms 1 to 4 at L. R
3
s and R
4
s are identical
through all the range. (c) Spin current selectivity between
arms 1 and 2 and 1 and 3 calculated at x = L and Ileft/Iright
is calculated at x = 0.
no drift current, whereas, the drift in the bottom arm
is 2 × Id and opposes spin propagation. When looking
at the spin current propagating the left arm we see that
it increases for positive drift currents. This is caused
by the fact that the drift current in this arm is 2 × Id
and it promotes spin propagation away from the injec-
tor at positive drift currents. This not efficient since at
Id = 100 µm the spin current propagating towards the
left is 11 times higher than the one propagating towards
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FIG. 4. (a) Sketch of device geometry IV, with the spin cur-
rents propagating to output 1 for positive Id in the direction
of the red arrows. The carriers are electrons everywhere apart
from the top arm, the top and bottom bifurcations are at a
distance of x1 = 5 µm from the spin injector, the detectors at
L = 10 µm, and the arms are assumed to be infinitely long.
(b) Rs vs Id in arms 1 to 4 at L. R
3
s and R
4
s are identical
through all the range. (c) Spin current selectivity between
arms 1 and 2 and 1 and 3 calculated at x = L and Ileft/Iright
is calculated at x = 0.
the right and, hence, less than 10% of the injected spins
contribute to the operation.
A solution to this issue is to compensate for the cur-
rent in the left arm by applying a higher drift current
to arm 1 I1d > I
2
d + I
3
d + I
4
d while keeping I
2
d − I4d high
enough to prevent propagation in arms 2-4. This is not
very efficient because it would lead to an increased power
consumption.
6Geometry IV
Alternatively, the spin current propagating in the left
arm can be reduced by changing the carrier density in
some selected arms. This allows us to apply all four drift
currents in the same direction.
The results for such device geometry are reported in
Fig. 4. In this case, to get the most efficient operation,
the charge carriers in the left and top arms are holes
whereas the other parts of the sample are electron-doped
(see Fig. 4a). We see that, in this case, there is a substan-
tial increase in the maximum Rs which can be measured
in arm 1 for positive Id. In this situation, most of the
spins propagate towards the top arm with spin current
selectivity values up to 5.4 × 104 between arms 1 and 2
and 3.9 × 109 between arms 1 and 3. In this case, the
spin currents propagating to the left are 3.5×10−3 times
smaller than the ones propagating to the right. This ef-
ficiency is provided by the drift current which is 4 × Id
and opposes propagation to the left arm. We also note
that, in this case, there is drift in all the arms and, as a
consequence, propagation does not rely on slow diffusion.
This can be beneficial for the device performance since it
enables faster operations.
We are also interested in the device performance at lower
drift currents. In particular, for Id = 26 µA, I1/I2 = 99,
I1/I3 = 2.6 × 103 and Ileft/Iright = 5.4 × 10−3 which we
believe should suffice for practical purposes.
DISCUSSION
Comparison with other approaches
As mentioned above, there are alternative methods to
control the spin currents in graphene. In Ref. [14] the
authors show that, due to the change of the spin trans-
port parameters with the carrier density, one can realize
demultiplexer functionality in a Y shaped device with
local gates addressing each arm individually. This ap-
proach has two drawbacks with respect to our approach.
Firstly, spin transport in this case is of diffusive na-
ture and, therefore, operation is slower as compared to
the drift-based devices. Secondly, tuning the local gates
gives substantially smaller contrast between ‘on’ and ‘off’
states as compared to the drift case. This is caused by
the relatively low tunability of spin transport parameters
in graphene.
Another alternative is to control spin absorption from
graphene to an adjacent transition metal dechalcogenide
material [12]. ‘On/off’ ratios up to 60 have been demon-
strated experimentally and can be further enlarged in
high quality devices. However, implementation of this
technique for demultiplexer operations, that relies on
slow diffusive transport, would result in an overall major
suppression of the spin signal that reaches the targeted
arm. This is caused by the proximity induced spin-orbit
coupling in the graphene channel [32, 33] that reduces
the spin lifetime. Consequently, this approach leads to
reduced spin relaxation lengths that require an increase
of the input power to achieve signals of the same magni-
tude.
Multiplexer operation and device optimization
For geometries I and II the use of drift also allows for
multiplexer operation. This can be achieved placing two
spin injectors in the right side of the sketches in Fig. 1 or
2a at a distance significantly longer than the upstream
spin relaxation length λ+. The modulation of the spin
relaxation length induced by drift enables one to select
the input that will determine the spin current at the bi-
furcation point.
The main limitation of the drift approach for spin-
based demultiplexer and multiplexer operations is the
power consumption, which is caused by the drift currents
applied in the channel. We suggest two different ways to
overcome this issue. The first approach is to increase the
distance at which the detectors are placed. This results
in higher contrast between ‘on’ and ‘off’ states for lower
drift currents. However, this approach also results in
lower spin signals and currents because relaxation occur-
ring in the channel reduces the spin accumulation in an
exponential way. Since the drift velocity is inversely pro-
portional to the carrier density, reducing this parameter
leads to higher power efficiencies. This can be achieved
by using semiconducting channels [34, 35]. In particular,
black phosphorous is a 2-dimensional semiconductor in
which spin lifetimes in the nanosecond range have been
reported up to room temperature [36]. Such lifetimes,
together with its high electronic mobilities [37] and drift
velocity saturations of up to 1.2×105 m/s at room tem-
perature [38], make black phosphorous a promising ma-
terial for spin drift-based devices.
CONCLUSIONS
In conclusion, we have shown that, by applying a drift
current to a Y-shaped graphene-based device, spin cur-
rents can be directed in a highly efficient way (see Ta-
ble III), allowing for a practical realization of a simple
spin-based demultiplexer. In particular, for drift current
densities of 20 µA/µm, spin current selectivities up to
102 can be achieved in a 10 µm long device. We have
also performed calculations for a device geometry that
consists of two Y-shaped graphene channels connected
to the outputs of another Y-shaped device, mimicking
a demultiplexer with one input and four outputs, and
obtained that a similar performance can be achieved by
applying drift current densities of 25 µA/µm. We also
7TABLE III. Performance for device geometry I-IV. ‘on/off’ is defined as Itop/Ibot for geometry I and II. In the case of geometry
III and IV ‘on/off’=I1/I2(I1/I3).
Geometry I Geometry II Geometry III Geometry IV
Id(µA) 20 100 20 100 26 100 26 100
‘on/off’ 127 1.1×107 127 1.1×107 99(614) 6.2×104(3.1×108) 99(2.6×103) 6.2×104(3.9×109)
Ileft/Iright 0.23 0.1 3.1×10−2 1.4×10−3 4.1 12 5.4×10−3 3.5×10−4
explain how the effect of drift can be used to achieve
multiplexer operation and argue that the introduction of
drift is favorable to increase the device operation speed.
We believe this is a relevant step forward towards a new
generation of spintronic devices with different function-
alities.
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